Abstract To further investigate the fusion neutron source based on a gas dynamic trap (GDT), characteristics of the GDT were analyzed and physics analyses were made for a fusion neutron source based on the GDT concept. The prior design of a GDT-based fusion neutron source was optimized based on a refreshed understanding of GDT operation. A two-step progressive development route of a GDT-based fusion neutron source was suggested. Potential applications of GDT are discussed. Preliminary analyses show that a fusion neutron source based on the GDT concept is suitable for plasma-material interaction research, fusion material and subcomponent testing, and capable of driving a proof-of-principle fusion fission hybrid experimental facility.
Introduction
The gas dynamic trap (GDT) is a kind of axisymmetric standard simple mirror, with a very high mirror ratio of a few tens, and a relatively long length exceeding an effective mean free path of warm ions scattering into the loss cone. Magnetohydrodynamic (MHD) stability is provided by magnetic expanders and other stabilization methods [1] . An experimental facility at the Budker Institute of Nuclear Physics in the Russian Federation has laid a foundation for its neutron source application. Extended designs and analyses of neutron sources based on GDT have been made mainly in Russia, Germany and America, and applications of such a neutron source have also been discussed [1−7] . The GDT-based fusion neutron source has a linear structure and a simple magnetic configuration. Its tritium consumption is modest and without the need of tritium breeding, a maximal plasma beta of 0.6 has been obtained [8] , and there is no need to obtain very high electron temperature plasma.
A fusion neutron source can be used for fusion material and component testing, and also can be used as a fusion fission hybrid reactor driver. To support future development of fusion materials [9−12] and fusion fission hybrid systems design [13−17] at the Institute of Nuclear Energy Safety Technology, Chinese Academy of Science, a fusion neutron source based on GDT had been preliminarily designed [18, 19] by the FDS Team. In this contribution, the original characteristics of GDT are analyzed, and physics analyses are made for a fusion neutron source based on GDT. The prior design of a fusion neutron source based on GDT is optimized based on a refreshed understanding of GDT operation.
Gas dynamic trap
Traditional mirror plasmas, with significant departure of ion distribution function from its equilibrium form in velocity space, may become a source of microfluctuations that produces fast longitudinal plasma losses. In response to this problem, several openended systems have been considered in which the device length L is significantly greater than the effective mean free path of ions λ i lnR/R, including straight solenoid, multi-mirror trap, and linear system with a "rough" magnetic wall (longitudinal plasma confinement in a θ-pinch with zero magnetic field in the interior of the plasma, the magnetic wall was made "rough" with a characteristic longitudinal irregularity smaller than the plasma radius) [20] . The distribution of ions is then locally Maxwellian, so the problem of loss-cone instabilities no longer arises. The so called gas dynamic trap also has this feature, and is well developed [1] , an illustration of which is shown in Fig. 1 gas in a container with one small hole at each end. The plasma lifetime is defined by an analogy with the time taken for the gas to issue from a vessel with a small aperture, and it is shown in Fig. 2 that a longer length can linearly increase the plasma confinement time and a higher temperature would decrease the plasma confinement time. So GDT is suited to relatively low temperature plasma confinement, which limits its ability to confine the thermal nuclear fusion plasma (10-30 keV). There is a considerable amount of plasma in the regions beyond the mirror throats, where the magnetic field has favorable curvature, which has a stabilization effect to the whole plasma. The electron heat flux to the end walls is suppressed by a strong reduction of magnetic field in the expanders [21] . 3 Fusion neutron source based on GDT For GDT's neutron source application, neutral deuterium and tritium beams are injected to the warm background plasma. Due to ionizations and chargeexchange collisions with the plasma particles, the energetic atoms will turn into energetic ions and be trapped by the magnetic field. These energetic ions will slosh between their two turning points with a mirror ratio of R t =1/sin 2 θ (θ is the neutral beam injection angle). The sloshing ions are fast ions, which are confined adiabatically and are embedded in the gas dynamic mode warm plasma. Because the electron temperature is much (30-40 times) lower than the mean energy of the sloshing ions, these fast ions would be slowed down much faster than their angular scattering into the loss cone, the angular diffusion is very small. The velocity of fast ions parallel to the magnetic field line is shown in Fig. 3 , providing the angular spread is zero. This will result in a peak distribution of the sloshing ions near their two turning points, besides, as the mirror ratio increases towards the turning point, magnetic field lines would be denser, which also result in an increase in the sloshing ion density. So most fusion neutrons are produced near the turning points, where we locate the test-zones. Based on the principles of GDT operation and the need for fast ions peaking, we proposed a design model of mirror to mirror length, as shown in Fig. 4 , that the mirror to mirror length L should be not less than 2λ i lnR/R + l f , the purpose of which is to make sure that the fast ion distribution zone is filled with theoretical Maxwellian distribution collisional warm plasma. λ i lnR/R is the warm ion effective mean free path, l f is the length of fast ion distribution zone. As shown in Fig. 5 , higher plasma density and relatively lower plasma temperature are preferable for a short effective mean free path. To make the neutron source as compact as possible and meanwhile have a high enough electron temperature (which allows better fast ion confinement, and in turn results in higher fusion power), the mean free path should be moderate. And note that the electron temperature and the plasma density should not extrapolate too far away from the experiment results to assure a firm design.
In the GDT experiment, the plasma radius is about 2 to 3 times the mean Larmor radius to keep the plasma neutrality. Besides, the plasma radius must be proper for the neutral beam penetration to introduce sloshing ions to the axis. Meanwhile, the plasma radius should be large enough to allow abundant fusion reaction to produce an intense neutron flux. So the magnetic field and energetic ion mean energy must be properly designed by referring to Fig. 6 . Generally, the plasma heating power should be approximately equal to the end loss power, ignoring the radial loss and other losses. The energy exchange between fast ions and electrons is an important process of energy transfer. The plasma heating must sustain the process of slowing down the fast ion by electron dynamic balancing. The slowing down power of fast ions and end loss power of the warm plasma are analyzed in Fig. 7 and Fig. 8 . We can see that, under a constant neutral beam injection power, increasing the electron temperature can reduce the slowing down power of fast ions, which is the reason why we propose the use of electron cyclotron resonances heating (ECRH) to raise the electron temperature before neutral beam injection (see below). As shown in Fig. 8 , too high plasma density and temperature would result in an unacceptable end loss power (assuming the end loss is not suppressed additionally), which is the main reason why we make sure the electron temperature does not exceed 1 keV. The warm plasma density must be moderate to limit the end loss power to an acceptable value. Fig.7 The energy exchange power (MW) of fast ions and electrons plotted against the electron temperature and the fast ion density. (Assuming that the mean energy of fast ions is 30 keV, the neutron zone length is 1 m, the central plasma radius is 7 cm, the neutral beam injection angle is 30 degrees, and the Coulomb logarithm is 15) Fig.8 Values of the end loss power (MW) of warm plasma confined in the gas dynamic regime plotted against warm plasma density and electron temperature. (Assuming that the plasma radius is 7 cm, the mirror ratio is 25)
In principle, the radius of the collisionless fast ions at the turning point is r t =r 0 sinθ (r 0 is the warm plasma radius at the center, and θ is the neutral beam injection angle). The energetic 3.5 MeV alpha particles could bombard the first wall because of their relatively large Larmor radius, even though they are confined by the magnetic field lines. So, to avoid the bombardment of the alpha particles, as shown in Fig. 9 , the first wall radius should be r t +2r α (r α is the gyro radius of α particles). Fusion neutrons are produced from the central fast ion population, and most of them would emit radially. But there are still some neutrons that run axially, and would not hit the radial wall. Neutron shielding should take this into consideration. Fig.9 The cross section of the test-zone of GDT-based fusion neutron source 4 Optimization of fusion neutron source based on GDT According to the above analyses, some optimizations were made based on the prior design of the GDT-based fusion neutron source [18] . Notably, the ECRH was used to raise the electron temperature before the neutral beam injection, which could increase the fast ion life time. The plasma radius was reduced to 7 cm for a better neutral beam penetration under higher background plasma density. The orbit of the α particle was considered to set the first wall further, which would significantly reduce the first wall neutron flux density. In order to alleviate this situation, a high central magnetic field of 1.4 T was used to reduce the gyro radius of the α particle. For material irradiation testing, to get a first wall neutron flux density of 2 MW/m 2 (equal to about 8.9×10
17 n/(m 2 ·s)), a rather high fast ion density peak must be achieved. To get a higher fast ions density peak, the test-zone length was reduced to 0.5 m at each side. Other parameters were fine-tuned accordingly. The above analyses also suggest a reconsideration of a prior fusion fission hybrid reactor driver design [19] .
A progressive development route of a GDT-based neutron source is suggested. First, a pioneer device named FDS-GDT1 should be constructed for further proof of involved principles, with the aim to raise the electron temperature from the present experimental value of 260 eV to 500-600 eV, verify the overall plasma MHD stability and also confirm the fast ion distribution. If it succeeds, a device named FDS-GDT2 with a higher magnetic field, a longer mirror to mirror length and a stronger heating power could be built with great confidence to produce a first wall neutron flux density of about 2 MW/m 2 . A schematic of FDS-GDT1 is shown in Fig. 10 , and FDS-GDT2 has a layout similar to FDS-GDT1. Main parameters of FDS-GDT1 and FDS-GDT2 are listed in Table 1 . 
Potential applications
Potential applications of the GDT-based fusion neutron source include plasma-material interaction research, fusion material and subcomponent testing, a fusion fission hybrid system driver and even a fusion power plant. The GDT plasma condition can be adjusted flexibly, so the collisional cylinder plasma is very convenient for plasma-material interaction investigation. The calculations show that FDS-GDT2 would have a test volume of dozens of liters, with a first wall neutron flux density about 2 MW/m 2 (equal to about 8.9×10
17 n/(m 2 ·s)), a neutron fluence reaching 100 dpa (displacement per atom) in about 8 years, provided a steady state neutral beam injection system is available. And its average radial neutron flux gradient will be about 7% per centimeter. The tritium consumption is less than 170 g/fpy (full power year), so purchase of tritium is allowed. Besides, the magnetic field configuration in the testing zone can be modified to modulate the neutron flux density or increase the test volume. So, this kind of fusion neutron source would be very suitable for fusion materials and subcomponent testing. However, the large components must be tested on some large scale fusion nuclear science facility.
To drive a fusion fission hybrid (FFH) system with a fission power of 800-3000 MW, the fusion power of the fusion driver is in the range of about 10-40 MW. At present, the envisaged fusion power of GDT-based fusion neutron source is just a few MW, which could be increased by elongating the fast ion peak zone or increasing the electron temperature to 3 keV. However, such a high electron temperature does not yet have an experimental foundation. So the application potential of GDT-based fusion neutron source as a fusion fission hybrid system driver is not clear. However, for a proof-of-principle FFH experiment facility with a thermal power less than 100 MW, it is quite sufficient that the fusion power is just a few MW.
A GDT fusion power plant is theoretically viable but with a rather long length of about 2-3 km [20] and requires a very strong mirror magnetic field about 50 T, so the blue print of the GDT fusion power plant is put aside.
Summary
In this contribution, the characteristics of GDT were analyzed, and the physics analyses were made for the operation of a fusion neutron source based on GDT. The prior design of fusion neutron sources based on GDT was optimized based on a refreshed understanding of GDT operation, and a two-step progressive development route of a GDT-based fusion neutron source was suggested. Different applications of GDT-based fusion neutron source are discussed. Preliminary analyses show that a fusion neutron source based on GDT is suitable for plasma-material interaction research, fusion material and subcomponent testing, and capable of driving a proof-of-principle FFH experimental facility.
